BiTeI has a layered and non-centrosymmetric structure where strong spin-orbit interaction leads to a giant spin splitting in the bulk bands. Here we present high-resolution angle-resolved photoemission (ARPES) data in the UV and soft x-ray regime that clearly disentangle the surface from the bulk electronic structure. Spin-resolved UV-ARPES measurements on opposite, nonequivalent surfaces show identical spin structures, thus clarifying the surface state character. Soft x-ray ARPES data clearly reveal the spindle-torus shape of the bulk Fermi surface, induced by the spin-orbit interaction.
The breaking of inversion symmetry and its influence on the spin structure of surface states under action of spin-orbit interaction (SOI) has been extensively studied in recent years [1, 2] . The main finding is that the surface states become spin-split according to the Rashba model [3] resulting in two spin-polarized concentric Fermi contours. The lack of inversion symmetry in the bulk crystal structure is expected to induce a spin splitting with a more complex band-and spin-structure. Combined with strong SOI the Fermi surface can take the shape of a torus [4] . For non-centrosymmetric superconductors such as for example CePt 3 Si [5] this peculiar band structure is expected to result in topologically protected spin polarized edge states reminiscent of Majorana modes [6] .
Recently, an ARPES and spin-resolved ARPES study by Ishizaka et al. [7] proposed that the semiconductor BiTeI features a very large spin-splitting, arising from the broken inversion symmetry in the crystal bulk and a strong SOI. Theoretical work based on the perturbative k · p formalism linked the unusually large spin splitting in BiTeI to the negative crystal field splitting of the top valence bands [8] . Optical transition measurements [9] are in accordance with the giant bulk spin-splitting of the gap defining valence and conduction bands predicted by first principle calculations [7, 8] . In addition it was shown in recent theoretical work that BiTeI can become a topological insulator under action of hydrostatic pressure [10] , and thus is closely related to non-centrosymmetric topological superconductors.
The present study provides first band mapping of a system without bulk inversion symmetry and giant SOI by the example of BiTeI, featuring a three-dimensional Rashba splitting of the bulk bands. Further it is shown that the Rashba-split state observed for this material in the UV photon energy regime is not a quantum well state [7] but rather a surface state, using a simple symmetry argument based on spin-resolved ARPES (SARPES) measurements, which is confirmed by first principle calculations.
All measurements were performed at the Swiss Light Source of the Paul-Scherrer-Institut.
The SARPES data was measured with the Mott polarimeter at the COPHEE endstation [11] of the Surface and Interface Spectroscopy beamline at a photon energy of 24 eV. The spin-integrated data at photon energies 20-63 eV were taken at the high-resolution ARPES endstation at the same beamline. The soft x-ray ARPES data were taken at the SX-ARPES endstation of the ADRESS beamline at photon energies of 310-850 eV. All spin-integrated measurements were performed at a sample temperature of 11 K and a base pressure lower than 10 −10 mbar, the SARPES data was taken at 20 K. For structural optimization and electronic band calculations we employed density functional theory (DFT) with the generalized gradient approximation (GGA) of Ref. [12] for the exchange-correlation (XC) potential as implemented in VASP [13] . The interaction between the ion cores and valence electrons was described by the projector augmented-wave method [14] . The Hamiltonian contained scalar relativistic corrections, and the SOI was taken into account by the second variation method [15] . Rashba-type spin splitting [7] .
The ARPES measurement in Fig Due to the broken inversion symmetry an untwinned BiTeI crystal has two different terminations. The weak bonding between the Te and I layers provides a natural cleaving plane, therefore the termination layer is either purely formed of iodine or tellurium atoms depending on the stacking order of the underlying layers. Despite the lacking inversion symmetry in the crystal structure the spin-integrated bulk band structure is inversion symmetric due to the time reversal symmetry. However, the spin structure of crystals with opposite stacking order is different as reflected in a reversal of the helicity of the spin-split bulk conduction band.
Figures 2(a) and (b) compare the measured in-plane spin polarization at a photon energy of 24eV along Γ-M for two samples taken from the same batch but mounted with inverted c-axis. The spin polarization data reflect the structure of a large Rashba-type spin splitting with a high in-plane tangential polarization and clockwise helicity of the outer bands. The inner bands are strongly overlapping with the adjacent bands resulting in a small polarization amplitude around normal emission (see Ref. [16, 17] for details on the fitting procedure). Despite the inverted crystal c-axis, the measured spin helicities do not reverse and no significant changes in the momentum dependence of the polarization can be observed.
The dispersive behavior in the out-of-plane momentum (k z ) direction of these conduction bands is examined by photon energy dependent band maps as shown in Fig. 3(a,b) . Aside from strong intensity variations due to matrix element effects the bands do not change as a function of photon energy. Taking into account that at these low photon energies half a Brillouin zone is swept by changing the photon energy by roughly 10 eV, the states can be said to not disperse in k z at all. There is neither a significant photon energy dependence in the Fermi momenta nor in the parabola apex around 0.33 eV, as can be seen in the upper and lower panel in Fig. 3(c) . The absence of k z -dispersion is a typical feature of a two-dimensional state such as a quantum well state or a surface state. However, the stacking-independent spin helicity fundamentally contradicts the expected properties of a bulk-derived quantum well state. We conclude that the observed state is actually a surface state that overshadows the bulk states. At 30 eV photon energy the bulk states are weakly visible at lower binding energies and momenta (the Fermi momenta are indicated by arrows in the lower right panel in Fig. 3(b) ).
Measurements in the soft x-ray photon energy range corroborate this interpretation. At these energies the spectroscopic intensities shift from the surface states to the bulk states due to the highly localized nature of the surface state and the larger probing depth. Fig. 3(e) shows a band map along A-L measured at 760eV photon energy. In contrast to the surface state, the conduction band minimum is about 100meV lower in binding energy compared to the low photon energy measurement in Fig. 3(a) , furthermore the momentum splitting is about 20% smaller. In accordance with previous optical measurements the bulk band gap is 400 meV [9] . That these bands observed in the soft x-ray photon energy range are indeed bulk bands is evident from the three dimensional behavior of the dispersion in Figs be observed from the surface state due to the lower photoemission cross-section.
First principle calculations nicely reproduce the observations. The calculated k z -dependence of the lowest conduction band and highest valence band are shown in Fig. 3 (h) along M-Γ-M'. At the A-point the calculation perfectly matches the measured spectrum at 760eV
in Fig. 3(d) , apart from a smaller calculated band gap, which is a typical problem of DFT calculations.
The origin of the two surface states visible in UV ARPES can be understood from DFT calculations for both Te-and I-terminated surfaces. To calculate the spectrum of the Teterminated surface we used a 24 layer slab with a free tellurium surface on one slab side and a hydrogen-passivated iodine termination on the other side. The tellurium surface hosts the Rashba-split electron-like surface state within the bulk band gap. This state lies 90 meV below the conduction band bottom and has a 20% larger momentum splitting than the bulk conduction band, which is in excellent agreement with the observed photoemission data. On the other hand a hole-like surface state appears at the I-terminated surface (in this case the Te-terminated side of the slab is passivated). In Fig. 3(d) we show both spin-split surface states at the Te-and I-terminated surfaces. In photoemission data in Fig. 3(a) a reversed spin contribution of the outermost Te-layer with respect to next atomic layers is observed [19] .
In all measurements on various samples and for both crystal mounting orientations the surface states of both terminations are present as in Fig. 3 (a) and all samples show the same spin structure. This leads to the conclusion that both surface terminations are present in domains of sizes smaller than the synchrotron light spot. This is only possible if both stacking orders are equally present in the sample, due to a large number of stacking faults.
This explains why no bulk contribution to the spin polarization could be observed, since in this case any spin polarization of one domain is expected to be cancelled by an other with opposite stacking order.
Having identified the surface state contributions to the ARPES spectra, we will now further discuss the properties of the bulk band structure. In the in-plane direction the Fermi surface around the A-point is described by two concentric rings, resembling the Fermi surface of the electron-like surface state, while it disappears around the Γ-point. In the out-of-plane direction the Fermi surface takes the form of two loops, intersecting at the Γ-A line ( Fig. 4(d) lower panels. The lifetime band broadening has been manually added. These data complete the picture of the complex 3D Rashba-type Fermi surface taking the form of a spindle torus (Fig. 4(d) ) distorted according to the crystal symmetry. In a topologically non-trivial system with a similar band structure a zero-energy mode will connect the crossing points in the Γ-A direction when a superconducting gap is opened [6] .
To conclude, we have clarified the surface state character of the two-dimensional Rashbasplit conduction-band state at the Te-terminated surface of BiTeI. Further, we have proven by soft x-ray ARPES measurements that also the bulk conduction band shows a threedimensional Rashba-type band splitting. Our measurements provide a direct mapping of the Fermi surface of a 3D non-centrosymmetric crystal structure. The large spin splitting in both the bulk and surface states makes this material promising for spin transport applications.
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